Abstract: Two experiments examined the effects of relative movements of the head with respect to a stimulus display on the magnitude and direction of the perceived depth from motion parallax . In Experiment 1, a velocity gradient of random-dots moving in opposite directions was presented in three viewing conditions: (a) stationary head-and-display , (b) display-movement, and (c) h ead-movement. The observer's task was to report the direction and magnitude of the perceived depth . The results with 10 observers showed that the magnitude of the perceived depth in condition (b) was lower than those in conditions (a) and (c) , while the direction was unambiguous in (b) and (c), but ambiguous in (a) . In Experiment 2, the direction of the perceived depth was examined in six conditions including the three of Experiment 1; in the other three conditions both head and display were moving in the same direction but with different ratios of the display velocity to the head one: (d) 0 .5, (e) 1.0, and (f) 2.0. The results with 11 observers showed that unambiguous depth perception was obtained in conditions (b) , (c), and (f) but not in conditions (a), (d), and ( e).Furthermore, the depth order perceptions in (b) and (a) were identical to those in (f) , and (e), respectively. The experimental results suggest that relative movement of the head with respect to the display irrespective of either movement is processed to determine the perceived depth order and that the velocity gradient within the display is processed to determine the magnitude of the perceived depth.
INTRODUCTION
Three different methods have been used to simulate optical effects of an observer's lateral head movements in recent studies on motion parallax. First, a velocity gradient of moving random-dots produced on a stationary display is presented to a stationary observer (e.g., Ono and Steibach [1] ). See Figure la. This is referred to as the stationary head-and-display condition, in which depth perception has traditionally been called the kinetic depth effect (Wallach and O'Connell [2] ). In this condition, the relative position of the observer's head with respect to the display is always unchanged while the velocity gradient is presented . Second, the velocity gradient yoked to the lateral display movement is presented to the stationary observer (e.g., Braunstein and Tittle [3] Rogers and Graham [4] ). See Figure lb. This is referred to as the display-movement condition. Third, the velocity gradient yoked to the observer's lateral head movements is presented to her/him (e .g., Rogers and Graham [4] ). See Figure 1 c. This is referred to as the head-movement condition. In the last two conditions , the relative position of the observer's head with respect to the display is continuously changing while the head or display moves. [4] , who pioneered the technique to present moving random-dots yoked to head or display movements, found that both the display-movement and head-movement conditions1 yield an effective, consistent, and unambiguous depth order as well as an extent of apparent depth. They found that the depth effects were ambiguous in the stationary head-and-display condition; and further, that the magnitude of perceived depth obtained in the head-movement condition was greater than that obtained in the display-movement condition. Whereas, Ono and Steinbach [1] compared the magnitudes of perceived depth and perceived motion between the head-movement condition and the stationary head-and-display condition2 and found stable but different apparent depth and motion between the two conditions. However, they did not examine the direction of the perceived depth. Braunstein and Tittle [3] and Braunstein and Anderson [5] , using the stationary head-and-display condition, and showed that the perceived 1In their terminology; the externally produced parallax condition and the self-produced parallax condition, respectively. 2In their terminolog y; the no head movement condition 1.0 ratio, and (f): 2.0 ratio. In the right panel, the top drawing shows random-dots moving side-to-side modulated sinusoidally and the middle and bottom drawings show percepts of 'convex' and 'concave', respectively. In the figure, only rightward arrows showing movements rightward are depicted.
Rogers and Graham
depth order was unambiguous when the velocity field contained a pattern of dots moving in the same direction with different velocities, and when the maximum to minimum velocity ratio was small. When the velocity field contained dots moving in opposite directions with different velocities, however, the perceived depth order was theoretically predicted as ambiguous. In effect, their studies confirmed that the perceived depth order was ambiguous in the stationary head-and-display condition when the velocity field contained dots moving in opposite directions (Braunstein and Tittle [3] Rogers and Graham [6] ).
The studies cited above suggest that when a velocity field contains random-dots moving in opposite directions with different velocities, the visual system utilizes visual and/or non-visual information to disambiguate the depth of a surface. Proprioceptive and vestibular signals as non-visual information are produced when the observer's head moves.
Or, additional visual information is available when the display or head moves. It seems likely that this information is used for the visual system to disambiguate the depth of the surface. Rogers and Rogers [7] confirmed such predictions to be valid.
When both the observer's head and the display move with the same or different velocities, what would happen? Figure   1 illustrates six types of head and/or display movement conditions employed in the present study. In (a) both the head and the display are stationary, while either the display (b) or the head (c) moves at a certain velocity. In the remaining conditions (d-f), the head moves at the same velocity as in (c), while the display velocity is changed such that the display to head velocity ratio is 0.5 (d), 1.0 (e) or 2.0 (f). Relative movement between the display and the head, defined here as display velocity minus head velocity, is the same for (a) and (e) and for for (b) and (f). The basic question here is whether or not depth perception is identical when the relative movement of the head with respect to the display is the same.
The primary aim of this study was to answer to this question. That is, we examined effects of the relative movement of the observer's head with respect to the display on the perceived depth order of a velocity field containing random-dots moving in opposite directions and with different velocities. In particular, we focused on perception of the depth order in the conditions in which the relative movements were unchanged. If the relative movement of the head with respect to the display determines unequivocally the perceived depth order, the perceived depth order should be unchanged when the relative movement is identical even though both head and display move with different velocities.
The secondary aim of the study was to compare the extent of the perceived depth among three conditions, the head-movement, the display-movement, and the stationary These responses were a measure for the perceived depth order. The third was to adjust the length of a tape so that it appeared equal to the extent of the perceived depth, namely a separation between the peak and trough of the corrugation perceived in the central portion of the display. These adjustments were a measure for the extent of the perceived depth. Twelve trials were run for each observer and each condition. Half the trials were for phase A and the other half for phase B. The order of the presentation of the two phases was randomized, and the order of the conditions was changed for the observer. [7] ). The rate of the convex response in the head-movement condition was .983 and .017 for phases A and B, respectively. These results showed that the dots moving in the opposite direction to that of the head movement appeared nearer than those moving in the same direction for nearly 98.5 %. The rate of the convex response in the display-movement condition was .050 and .917 for phases A and B, respectively.
These results showed that the dots moving in the same direction as that of display movement appeared nearer than those moving in opposite direction for nearly 93.4 %. 
Perceived magnitude of depth

EXPERIMENT 2
The aim of this experiment was to examine the effects of the relative movement of the head with respect to the display on perceived depth order from motion parallax. In particular,
we were interested in the perceived depth order when both head and display moved with equal or different velocities.
Six different viewing conditions were used; three conditions were the same as those in Experiment 1 and the other three were conditions in which both head and display moved with equal or different velocity ratios, as shown in Figure 1 .
(These were called the head-and-display movement conditions.)
If the relative movement of the head with respect to the display was to be critical in determining depth order, then the perceived depth order should be varied depending on the velocity ratios between the head and display. Furthermore, the perceived depth order in the head-and-display movement with a 1.0 velocity ratio condition (e) should be equal to that in the stationary head-and-display condition (a). Also, the perception of depth order in the head-and-display movement with a 2.0 velocity ratio (f) should be equal to that in the display-movement condition (b). These predictions were examined in the experiment.
3.1 Methods 3.1.1 Stimulus and apparatus.
The stimulus and apparatus were essentially the same as those used in Experiment 1, with the exception that in the head-and-display movement condition the display moved yoked to the head movement. The signals from the rectilinear potentiometer, which picked up the head movements, were used to move the display with its gain varied.
Procedure
The procedure was the same as that in Experiment 1 except for the head-and-display movement condition . The six conditions as shown in Figure 1 were used. The extent of velocity gradient of moving the random-dots within the display was held constant in all conditions. In Figure 1 , the (a), (b), and (c) conditions were the same as those in Experiment 1; the (d), (e), and (f) conditions were new; in these both head and display moved with different velocity ratios; 0.5, 1.0, and 2.0, respectively. With regard to the relative movement between the head and display, condition (a) was equal to condition (e) and (b) was equal to (f). Two phases of dot movements were used as Experiment 1 . In the three head-and-display movement conditions, each movement of the observer's head to the right caused a horizontal portion of dots nearest to the horizontal midline of the display to move to the left and right in phase A and B, respectively.
Two tasks were required of the observers. The first was to indicate verbally whether the random-dot surface appeared to be a rigid three-dimensional corrugated surface or a two-dimensional flat surface. The second task was that if the 3-D surface was perceived the observers had to report ' convex' when the central horizontal portion of the display appeared convex or 'concave' when the central horizontal portion of the display appeared concave. Twelve trials were run for each subcondition; half of the trials were for phase A and the other half were for phase B; 72 trials were run in total. The order of presentation of the two phases was randomized in each condition; and the order of the condition was changed for each observer.
Observers
Eleven observers (including the two authors) participated in the experiment, 9 were thus naive concerning the purpose of the experiment. All had self-reported normal or corrected-to-normal visual acuity.
Results and Discussion
All observers reported the rigid 3-D corrugation in the display in all trials as in Experiment 1. The mean rate of the convex response averaged over 6 trials for each phase of each viewing condition and for each observer was calculated, then transformed to arcsine, and used as a basic unit for further analyses. In summary, the visual system processes two types of separate relative motion: one is the relative motion within a display, and the other is the relative movement between the head and display. The extent of perceived depth is based on the former information while the perceived depth order is based on the latter.
